Context: Determining the etiology of delayed puberty during initial evaluation can be challenging. Specifically, clinicians often cannot distinguish constitutional delay of growth and puberty (CDGP) from isolated hypogonadotropic hypogonadism (IHH), with definitive diagnosis of IHH awaiting lack of spontaneous puberty by age 18 yr. However, the ability to make a timely, correct diagnosis has important clinical implications.
D
elayed puberty is defined as the absence of signs of sexual maturation by an age more than 2-2.5 SD values above the mean of the population (traditionally breast development by 13 yr in girls and testicular development by 14 yr in boys) (1, 2) . Delayed puberty can stem from conditions that cause hypergonadotropic hypogonadism (such as Turner syndrome or chemotherapy-induced gonadal toxicity), permanent hypogonadotropic hypogonadism (HH) [such as multiple pituitary hormone deficiency (MPHD), Kallmann syndrome, or high-dose central nervous system irradiation], or the transient HH that is seen in systemic conditions (such as anorexia or inflammatory bowel syndrome) (3) . A careful history, physical examination, and diagnostic evaluation can often identify these underlying disorders (4) . However, in a significant proportion of cases (at least 65% of males and 30% of females), delayed puberty represents the extreme end of the distribution of normal timing of puberty, rather than overt pathology (3) . This normal variation of growth and development, termed constitutional delay of growth and puberty (CDGP), is the single most common cause of delayed puberty in both genders.
CDGP is a diagnosis of exclusion. It is often clinically challenging to differentiate adolescents with CDGP from those with a form of HH termed isolated HH (IHH), which usually is a permanent condition (5, 6) . Distinguishing between these conditions is especially difficult during initial evaluations because adolescents with both etiologies are often prepubertal on examination and have low levels of gonadotropins (LH and FSH). LH and FSH levels are low in CDGP because the hypothalamic-pituitary-gonadal (HPG) axis has not yet matured to secrete pubertal levels of GnRH; levels are low in IHH because of a lack of GnRH secretion or action (7, 8) .
There are clinical features that can potentially distinguish CDGP from IHH, although these are often not diagnostic (4) . A family history of delayed puberty is strongly suggestive of CDGP (seen in 50 -75%) (3, 9, 10) , although individuals with CDGP are also seen among pedigrees with IHH (11, 12) . Adolescents with CDGP may have delayed adrenarche and pubarche along with delayed gonadal development, whereas individuals with IHH are more likely to have delayed gonadal development alone (3) , but this distinction is often blurred. Twenty to 40% of patients with IHH have evidence of initial but then stalled pubertal development (11, 12) , and 10% may have sustained reversal of IHH in adulthood (5, 6) . Small testes on examination (1-2 ml in volume), a history of undescended testes, and/or small phallus can point toward a diagnosis of IHH. However, the prevalence of cryptorchidism in IHH varies between 5 and 40%, and in those patients with IHH with evidence of partial pubertal development, it approximates that of the general population (3-5% at birth) (11, 12) . Anosmia or hyposmia, a feature in Kallmann syndrome, occurs in only 30 -50% of patients with apparent IHH (12, 13) .
Thus, in many cases, routine initial clinical evaluation cannot distinguish CDGP from IHH with certainty. The presence of endogenous, progressive pubertal development by age 18 yr is the "gold standard" for differentiating CDGP from IHH. The inability to make an accurate diagnosis at initial presentation presents difficulties in providing appropriate counseling around prognosis, may generate anxiety among adolescents and families, and can affect management decisions. Endocrinologists have long sought a diagnostic test for CDGP, and different physiological and stimulation tests have been proposed as early discriminators (Fig. 1) . In this review we describe and evaluate the literature regarding diagnostic tests proposed to distinguish CDGP from HH, in particular IHH.
Diagnostic Tests
We identified a total of 19 studies published in English over the past 30 yr whose primary objective was to assess the sensitivity of a diagnostic test in the differentiation of HH from CDGP in adolescents. Where available, emphasis has been given to data specifically comparing adolescents with CDGP and IHH. When possible, IHH is used instead of the more general HH to distinguish this patient population from adolescents with MPHD, who have been included in many studies. It is important to note that the majority only involved the investigation of boys with delayed puberty, and thus conclusions drawn from the data
FIG. 1.
In a subset of adolescents with IHH (and Kallmann's syndrome), mutations in genes that encode critical components of the HPG axis lead to either a lack of GnRH secretion or action. The etiologies in the remaining cases are undetermined. The lack of GnRH action leads to a deficiency of both priming and hormonal secretion of the gonadotrophs in the pituitary and of the Leydig/theca cells in the gonads. These characteristics of the HPG axis form the physiological basis for the diagnostic tests (indicated in boldface) and typical clinical characteristics (indicated in italic: anosmia/hyposmia, small testes, micropenis, crytorchidism) used to identify patients with a higher likelihood of IHH than CDGP.
may have limitations in their application to the investigation of delayed puberty in girls. (Table 1) In childhood, there are low but detectable levels of GnRH-stimulated LH and FSH pulses, occurring predominantly at night, which progressively increase in number and amplitude with the onset of puberty (14) . It has been hypothesized that gonadotropin levels in individuals with IHH may be lower than those seen in CDGP, even before the onset of puberty. Several studies have examined whether there are diagnostic basal gonadotropin values that could discriminate between CDGP and IHH.
Basal gonadotropin levels
Frequent sampling for the presence or absence of LH nocturnal pulses has been proposed as a distinguishing characteristic, with the lack of nocturnal LH pulses in adolescence being initially described as highly specific for HH (15) . However, using ultrasensitive assays with lower limits of detection, in many adolescents and young adults with IHH, low-amplitude pulses of gonadotropins are detectable. The LH and FSH pulses are at levels indistinguishable from those in prepubertal controls, although the pulses do not have the same association with sleep onset (16) . Whether there are differences in the pattern of nocturnal gonadotropin secretion between adolescents with CDGP and IHH using ultra-sensitive assays has not yet been determined.
Given that overnight, frequent sampling is not a practical routine diagnostic test, studies have assessed the diagnostic utility of a single basal gonadotropin level. As a group, patients with IHH have significantly lower basal gonadotropins than age-and Tanner stage-matched children with CDGP, but there is substantial overlap between groups (17, 18) .
A recent study reported that a basal FSH level below 1.2 IU/liter in boys presenting with delayed puberty confirmed the diagnosis of HH with 100% specificity, precluding the need for further testing (19) . This conclusion was, however, based upon the results of only seven patients with CDGP, with FSH levels ranging from 1.2-3.4 IU/liter. Other groups have reported lower FSH levels in subjects with CDGP and have not been able to identify a diagnostic FSH threshold to distinguish CDGP from HH (20, 21) . FSH levels in large cohorts also have significant overlap between prepubertal and early-pubertal children (22) . Thus, the diagnostic utility of a basal FSH level remains unclear.
LH levels are a more sensitive indicator for the onset of central puberty than FSH (23). Sequera et al. (24) demonstrated that a basal LH of more than 0.65 IU/liter excluded a diagnosis of complete HH, defined as testes volume of less than 3 ml on follow-up at 20 yr of age. Subjects with partial HH (testes volume of 6 -12 ml at follow-up) could not be identified using any basal LH threshold. These results are again based upon small sample sizes; however, in this instance, similar data have been reported in other studies, although with variability in the exact threshold LH value due to assay differences (19, 20 IHH. LH levels of more than 0.65 IU/liter are high enough that individuals who meet these criteria may already be in puberty clinically, and the biochemical data may not add substantially to the diagnosis. Thus, whereas on average adolescents with IHH have lower basal gonadotropin levels than those with CDGP, basal gonadotropins appear to have limited discriminatory ability for an individual patient.
GnRH and GnRH agonist (GnRHa) stimulation tests (Table 2)
Given the diagnostic limitations of basal gonadotropins, there have been many attempts to use stimulation tests to distinguish between CDGP and IHH. For example, an iv bolus of GnRH leads to a dose-dependent increase in gonadotropins (25) , both in prepubertal and pubertal adolescents (26) . LH responsiveness to GnRH stimulation increases significantly after a bone age of 10 -11 yr in healthy boys reflecting maturation of the HPG axis (27) . An underlying premise is that this response to GnRH (or GnRHa) will be more robust in individuals with CDGP (who have been previously exposed to endogenous GnRH) than in individuals with IHH (who have not been exposed to GnRH or who have inactive GnRH receptors).
Unfortunately, significant variability in response has led to an inability to distinguish accurately between the two groups. A proportion of adolescents with CDGP, even with bone ages greater than 11 yr, demonstrate low peak LH levels on GnRH stimulation testing, reflecting the spectrum of maturation of the HPG axis (26, 28) . This variability is also observed in the general population with overlap in stimulated LH levels between Tanner stages 1 and 2 and stages 2 and 3 (29, 30). As a group, adolescents with HH have lower stimulated LH levels compared with subjects with CDGP, but several studies have demonstrated that up to 30% have LH responses indistinguishable from those with CDGP (31, 32). Overlap between CDGP and HH groups is seen whether GnRH is given as a bolus or as an infusion over 120 min (19, 24) .
Variations on the GnRH test have been studied in trials to improve its diagnostic utility, including the administration of repetitive small doses of iv GnRH for 36 h before a traditional GnRH stimulation test. Pulsatile GnRH leads to a decreased stimulated LH response in subjects with CDGP and IHH (33). The decrease in stimulated LH is greater in the IHH group, possibly reflecting more pronounced depletion of fast releasable LH stores (34). A small study of 17 subjects reported clear differentiation between adolescents with CDGP and IHH using this method (33). Because the goal is to distinguish prepubertal patients with CDGP from prepubertal patients with IHH, problematically eight of the nine in the CDGP group were clinically in puberty at the time of testing (testes volume Ն4 ml). A second study also showed that this method was better than the traditional GnRH test alone but did not demonstrate 100% diagnostic accuracy (34). If GnRH pulses are administered for longer than 36 h, gonadotropin secretion increases in both CDGP and IHH, with no difference in post-GnRH stimulation testing between groups (35). Despite some promise in the 36-h protocol, the administration of GnRH pulses is complicated and invasive, precluding it from being used routinely. Another more applicable technique has been the use of GnRHa stimulation tests. Different GnRHa are characterized by alterations in the amino acid in position 6 (36), resulting in increased potency and half-life due to greater affinity for the GnRH receptor and resistance to enzyme degradation (37). These effects have been postulated to allow better distinction between CDGP and IHH because a greater stimulus would result in "awakening" of primed normal gonadotropic cells in patients with CDGP (38).
Nafarelin
In a pilot study of three patients with CDGP and eight patients with HH, nafarelin completely discriminated between diagnostic groups (38). A limitation, in addition to the small cohort size, was that the patients with HH were distinguishable on clinical grounds alone, given the presence of other pituitary hormone deficiencies, anosmia, or micropenis. Subsequent studies have demonstrated reasonable discriminatory ability using the nafarelin stimulation test but with overlap in LH increment between groups (39, 40). Of note when comparing studies, the LH increment in the patients with HH was significantly different despite the same test protocol being used. There have not been any recently published studies of this stimulation method using ultra-sensitive LH assays. From the currently published studies, a consistent diagnostic threshold to distinguish between CDGP and IHH cannot be determined, and so further research is needed before definite conclusions regarding general clinical utility can be drawn.
Triptorelin
Triptorelin stimulation testing has been shown in two studies to differentiate completely between CDGP and HH, with all HH patients having a peak LH level of less than 9 IU/liter 4 h after iv injection (41, 42). Zamboni et al. (41), who included a second prepubertal control group, found that this differentiation only occurred if the pa- tient's bone age was greater than 12 yr. In contrast, a third study found significant overlap in LH levels after triptorelin stimulation between groups (43). The difference in results between studies may be related to differences in assays or in the CDGP groups used [entering puberty within 12 months of testing (41, 42) compared with later onset of pubertal development (43)].
Buserelin
Using another GnRHa, buserelin, Wilson et al. (18) demonstrated that a peak LH level below 5 IU/liter after stimulation had an 89% positive and 100% negative predictive value in identifying the patients with HH. A significant limitation was that the patient groups were not age-matched. The HH subjects were significantly younger than the CDGP subjects, and several of the HH subjects did not meet criteria for having delayed puberty. Although promising, these results have not been replicated in the literature.
Leuprolide
After an initial trial that proposed that leuprolide stimulation testing may be a better predictor of pubertal progression than GnRH testing (44) 
Summary
GnRHa appear to offer better discriminatory value than GnRH stimulation testing, with more robust results being replicated in the potent agonists (nafarelin and triptorelin). With the exception of leuprolide, the tests take a longer period of time to perform. Although promising, the low subject numbers in the studies and lack of replication of consistent diagnostic thresholds limits the ability to assess the ideal GnRHa to use. In addition, the paucity of any studies performed in females restricts conclusions to male patients. (Table 3) The hCG stimulation test has been used for many years, primarily to assess for the presence of functioning testicular tissue and to investigate defects of testosterone biosynthesis and action (47). The test is based on the ability of hCG to increase androgen production in Leydig cells via stimulation of the LH receptor (48). The normal Leydig response to hCG is thought to be dependent on previous exposure or "priming" by gonadotropins (49, 50). The deficiency of gonadotropins seen in patients with IHH would, theoretically, lead to a blunted testosterone response after hCG stimulation, analogous to the rationale behind the GnRH/GnRHa tests. Thus, the hCG test has been proposed to differentiate patients with CDGP from those with IHH.
Human chorionic gonadotropin (hCG) test
Multiple protocols with different hCG doses, number of injections and sequence of blood draws for testosterone have been published (51-54), making the comparison of studies problematic. Several studies have reported predictive values of 82-86% of the hCG test to distinguish patients with HH from those with CDGP (20, 32, 43, 55) . Kauschansky et al. (42) reported even better results-100% sensitivity and specificity for the hCG test-using three injections of 1500 IU of hCG. The patients with CDGP in the study had significantly elevated basal LH levels compared with the IHH group (CDGP, LH, 0.7-2.0 IU/liter; vs. IHH, LH, 0.1-0.7 IU/liter using immunochemiluminescence assay), suggesting that some of the CDGP subjects were in early puberty at the time of testing. The very positive results in this study still need to be validated.
Combining the GnRH/GnRHa and hCG stimulation tests to improve diagnostic sensitivity has been investigated (32). One such study reported a 100% sensitivity and specificity using both a 19-d hCG and GnRH stimulation test in a small number of patients (20) . A clear disadvantage for the hCG stimulation test alone, as well in combination, is that the best results derive from the longest testing protocols and that the test(s) require multiple injections and venipunctures. In addition, with germ cell apoptosis and inflammation seen in boys treated with hCG for cryptorchidism (56 -58), this raises potential theoretical concern in the routine use of multiple hCG injection protocols.
Inhibin B (Table 3)
In addition to stimulation tests, researchers have investigated whether baseline measurement of gonadal prod- Data are expressed as mean (SD or range) unless otherwise specified. To convert g/liter of testosterone to nmol/liter, multiply by 3.5. T, Testosterone; PPV, positive predictive value; NPV, negative predictive value. a Data are expressed as median (25th; 75th percentiles).
ucts could distinguish CDGP from IHH. Inhibin B is a glycoprotein hormone that is secreted by Sertoli cells in the testis or by granulosa cells in the ovary (59). It is regulated by and involved in the feedback inhibition of FSH (60, 61). After the neonatal period, it circulates at low but measurable levels until puberty, when it significantly increases, mimicking the changes in gonadotropins (62). FSH deficiency has been associated with low inhibin B levels in prepubertal (63) and adult males (64). With the availability of commercial assays able to measure inhibin B and the development of normal age-related reference values (62), there has been interest in its use as a simple test to distinguish CDGP from IHH. Two studies have assessed the diagnostic utility of inhibin B in this clinical setting. Coutant et al. (17) demonstrated that a single inhibin B level of 35 pg/ml or less had a 93% positive predictive value to identify patients with IHH from those with CDGP. The predictive value increased to 100% when only assessing the patients with IHH who had testes volumes of less than 3 ml. However, the sensitivity and specificity of inhibin B was lower when comparing patients with HH as part of MPHD to the CDGP group. The second study by Adan et al. (65) , using a significantly higher cutoff inhibin B level of less than 100 pg/ml, showed only a 73% positive predictive value to identify the boys with IHH. These differing results were found despite both studies using the same inhibin B assay and assessing patients with IHH at a similar age and pubertal stage.
A single inhibin B level may, with further verification, prove to be a simple first-line test in the diagnosis of delayed puberty in boys, with very low levels indicating a high likelihood of IHH. As with many of the other discriminatory tests, further comparative studies with clarification of diagnostic thresholds are needed to see whether the sensitivity and specificity of a single inhibin B test can be applied to routine clinical practice. However, it is encouraging that none of the boys with CDGP in either study had an inhibin B level of less than 35 pg/ml. A limitation in its use may be in its sensitivity to identify those boys with IHH who have a partial deficiency in gonadotropins, and therefore a partial deficiency in inhibin B.
The normal pattern of inhibin B secretion in females is similar to what is seen in males, but with lower prepubertal levels and a less significant rise at the time of puberty (66) . Although there are no studies in female adolescents looking at the diagnostic utility of inhibin B, there are varying results in adults, with both low (67) and normal inhibin B levels (68) reported in adult females with HH compared with healthy controls. Further investigation is needed to determine whether inhibin B levels can also be used as a diagnostic test in females with delayed puberty.
Genetic testing
Despite remarkable progress made in identifying genes that cause IHH and that encode critical components of the HPG axis (7, 69, 70) , mutations in known genes explain only 30 -40% of IHH and Kallmann syndrome cases (7) . CDGP has a strong genetic basis, with a family history of delayed puberty in 50 -75% (3, 9, 10), but its genetic basis remains even more obscure. Because IHH is reversible in approximately 10% of adults who have been treated with testosterone (5, 6) and because some pedigrees with IHH include individuals with delayed but spontaneous puberty, it has been postulated that mutations in IHH-related genes might underlie CDGP. However, screening subjects with CDGP has thus far identified mutations only in rare, individual cases (71, 72) . Analogously, 32 loci have recently been identified that modulate the age of menarche in the general population (73) (74) (75) (76) (77) . Although not all of these have been studied in CDGP, sequencing has not identified any mutations in the most robustly associated gene, LIN28B (78) . There may be other forms of inheritance that underlie CDGP, including rarer variants with large phenotypic effects; combinations of variants within a single gene or multiple genes (oligogenicity); structural variation, such as copy number variants; and epigenetics. Some of these mechanisms have been identified as causes of hypothalamic amenorrhea (79) . However with the current limitations in our understanding of the genetic basis underpinning both IHH and CDGP, routine genetic testing, particularly for diagnostic differentiation, is not warranted.
Potential Implications in Distinguishing CDGP from IHH
The natural history of adolescents presenting with delayed puberty will reveal the diagnosis, with complete and spontaneous pubertal progression eventually seen in CDGP, compared with incomplete or absent progression in IHH. There are, however, potential advantages in making an earlier diagnosis. Diagnostic uncertainty is associated with increased psychological stress for both adolescents and parents (80) . The ability to make a diagnosis near the time of initial presentation and provide appropriate counseling may lead to reduced anxiety and eliminate the need for subsequent testing.
In addition, pubertal induction using gonadotropins and hCG has been proposed to potentially offer advantages in boys with IHH, compared with the use of testosterone alone (81, 82) . Testosterone replacement only causes virilization, whereas treatment with hCG and recombinant FSH has been shown to induce testes growth, increase inhibin B levels (suggesting proliferation of immature Sertoli cells), and stimulate spermatogenesis in adolescent males with IHH (82, 83) . Whether pubertal induction with gonadotropins in boys with IHH would be a positive predictor for future fertility still needs to be systematically studied, especially given the previously mentioned concerns about hCG use in infants with cryptorchidism (56 -58), as well as the increased invasiveness and cost associated with this form of pubertal induction. However, if clinically significant differences in fertility are identified, this increases the importance of making an early diagnosis of IHH.
Conclusions
Over the past 30 yr, different basal and stimulation tests have been proposed to discriminate between adolescents with CDGP and IHH. Basal gonadotropins, genetic testing, GnRH and hCG stimulation tests all have limitations in diagnostic specificity and sensitivity to distinguish between groups. The more potent GnRHa appear to offer better discrimination, but validation of diagnostic thresholds and larger studies are needed. The complexity and invasiveness of the 36-h GnRH stimulation protocol precludes it from everyday clinical use. Conversely, recent studies indicate that inhibin B may provide a simple firstline test. If these initial reports are validated, this test may be able to identify a subset of patients with delayed puberty who have a high likelihood of having IHH.
It is important to appreciate some of the limitations inherent to the data that have been published. Variations in the type and reliability of assays used makes comparison of studies problematic. Although girls presenting with delayed puberty are more likely than males to have IHH, there are very few studies assessing the utility of diagnostic tests in females. Given the relative rarity of IHH, patients with HH as part of MPHD have often been studied. Although the inclusion of patients with MPHD allows demonstration of proof of principle for a diagnostic test, the need for discriminatory diagnostic tests in this patient population is lower. Similarly, the inclusion of control subjects who on clinical grounds alone would be readily identifiable as having CDGP (e.g. testes Ͼ6 ml with recent accelerated growth velocity) may give biased results. The clinical challenge for physicians is to diagnose the otherwise well prepubertal 14-to 15-yr-old adolescent.
Thus, the evidence-based literature regarding the available tests is insufficient to recommend any of them for routine clinical use. Further validation of previously published diagnostic thresholds as well as prospective studies focusing on prepubertal 14-to 15-yr-old adolescents are still needed.
